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Abstract 
The increase of world population has been requiring more and more lands for human activities, which is why the world dredging 
market has been significantly growing up during the past 20 years. In dredging engineering, underwater excavation process is one 
of the major procedures which involves complicated physics, no matter it is sand, clay or rock on the seabed. It is important to 
reasonably estimate the cutting force needed on the excavator blade, which will help to improve the design and reduce the wear 
of the equipment so that higher working efficiency can be achieved. However, it is known that the cutting force is greatly 
influenced by the local water pressure especially in deep water. The fluid flow will change the pore pressure distribution and 
meanwhile apply certain force to the solid particles. Since the experiments to measure the cutting force are expensive, a 
numerical model is then needed to describe the physics in it. In this paper, the author tends to use the discrete element modeling 
to describe the solid particle movement and particle-particle interactions, and the finite volume method to calculate the fluid 
pressure distribution and flow velocity. Besides, a coupling deck is used between the two models to exchange the information to 
describe the fluid-solid interaction. This research has proven the feasibility of applying such a method in the underwater 
excavation process. Further calibration and validation are still necessary depends on the soil properties of the seabed. 
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Nomenclature 
A The adhesive shear force between the blade and the layer cut 
C The cohesive shear force between the soil bed and the layer cut 
Cf The compressibility of the fabric 
Cs The compressibility of the solids 
Cw The compressibility of the pore-water 
D The diffusion coefficient of pore-water pressure 
Dp The diameter of the related spherical particle 
fp The pressure gradient force 
fτ The viscous force 
Fb The horizontal cutting force 
Fv The vertical cutting force 
k The hydraulic conductivity 
g The gravitational acceleration 
G The gravitational force of the (underwater) weight of the layer cut 
hb The height of the blade  
hi  The thickness of the cut layer 
I The inertia force resulting from the acceleration of the soil 
K1 The resulting grain force from the normal and shear force between the soil bed and the layer cut 
K2 The resulting force from the normal and shear force between the blade the layer cut 
n Porosity 
N1 The normal force between the soil bed and the layer cut 
N2 The normal force between the blade surface and the layer cut 
p Fluid pressure 
S1 The shear force between the soil bed and the layer cut 
S2 The shear force between the blade surface and the layer cut 
t Time 
v The fluid velocity 
vc The cutting velocity 
Vparticle The volume of a single particle 
w The solid velocity 
W1 The force resulting from the water under pressure in the shear zone 
W2 The force resulting from the water under pressure on the blade 
α The blade angle 
αs The solid compression coefficient 
β The shear angle 
βf The compressibility of the fluid 
γw The fluid density 
δ The external friction angle between the soil and the blade 
κ The permeability of the solid structure 
μ The dynamic viscosity of the fluid 
ξpe The pore-Peclet number 
ρ The fluid density 
τ The viscous shear stress tensor in the fluid phase 
τa The adhesive stress between the soil and the blade 
τc The cohesive stress inside the soil 
φ The internal friction angle inside the soil 
Φs The sphericity of the grains in the packed bed 
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1. Introduction 
The world economy is in continuous development and the world population has been increasing rapidly after the 
World War II, thus there is a huge demand for new artificial islands where human activities can take place. This 
demand results in a dramatic increase in dredging activities all around the world during the past 20 years. On the 
other hand, the increasing demand on precious metals has motivated the development of a promising industry, deep 
sea mining. Currently major technical challenges exist for this new industry, such as the vertical transportation, the 
seabed excavation process and the stability of the riser system. Both in dredging and deep sea mining engineering, 
the underwater excavation process is one of the key processes which can give dominant influence on the equipment 
design and production rate. It is also one of the most important procedures in offshore trenching and drilling 
engineering. Therefore it becomes necessary to get a thorough understanding of the physics and build up a 
numerical model of this process. 
Underwater excavation process is mainly dealing with three types of materials, sand, clay and rock. Other seabed 
materials usually have similar mechanic properties to one of these materials or their mixture. It is the influence of 
seawater distinguishes the underwater excavation from the on-land excavation. The influence consists of three issues: 
1) the confining pressure which equals to the hydrostatic pressure; 2) the fluid flow in the cutting area; 3) the pore 
pressure inside the pores of the seabed. Besides, the cutting speed of the excavator in dredging practice is usually 
very high to achieve a satisfactory production rate. The propagation speed is around 0.4~1m/s and the speed on the 
tip of the blade could be up to 5m/s. Such a high loading rate greatly increases the complexity of the problem. In this 
paper, the physics of the underwater cutting process will be introduced via an analytical model developed by 
Miedema [1, 2]. The mechanic characteristics of the seabed materials and their typical behavior in the processes will 
be described into detail. 
It is relatively expensive to do the experiment of confined cutting test with a controlled high loading rate. On the 
other hand, the existing analytical model is based on a 2D macroscopic perspective. So it is determined that a set of 
numerical methods, which are able to describe the process in 3D, in both micro and macroscopic perspectives, 
should be developed. A good numerical model will help to predict the needed excavation force and thus improve the 
equipment design. Since the process is so complicated which involves three different solid materials, the solid-solid 
interaction, the solid-fluid interaction, the fluid-solid interaction and the fluid-fluid interaction, therefore both the 
solid and fluid mechanics should be considered. Comparisons between the existing numerical methods will be given 
and a new set of numerical methods which covers the whole range of the process will be proposed in this paper. 
2. Underwater excavation theory 
In the underwater excavation in dredging or deep sea mining application, the high loading rates generate very 
high strain rates in the solid skeleton, which makes it hardly allowed for water to flow through the pores. In this way 
the hydrostatic pressure will constitute a big confining pressure due to the pressure gradient between in and outside 
of the pores, thus the overall resistance of the soil is increased. This macro behavior has been identified as the 
“dilatancy hardening effect” by Brace and Martin [3]. More generally, van Kesteren [4] has derived the pore-Peclet 
number ξpe to distinguish the cutting process into the drained and undrained conditions. 
 
ߦ௣௘ ൌ
࢜ࢉ݄௜
ܦ ൌ
࢜ࢉ݄௜ൣܥ௙ െ ߙ௦ܥ௦ ൅ ݊ሺܥ௪ െ ܥ௦ሻ൧ߛ௪
݇  (1) 
 
Where vc is the cutting speed [m/s], hi is the cutting depth [m], D is the diffusion coefficient of pore-water 
pressure [m2/s], k is the hydraulic conductivity [m/s], γw is the fluid density [N/m3], Cw is the compressibility of the 
pore-water [m2/N], Cs is the compressibility of the solids [m2/N], Cf is the compressibility of the fabric [m2/N], n is 
the porosity and αs is the solid compression coefficient. Based on the pore-Peclet number, two limit conditions are 
drawn: 
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x Drained condition, which is the “slow” process, will occur when ξpe < 1. The cutting speed in this condition is 
relatively slow. The pore-water flow due to pore-water pressure gradient is possible without affecting the 
behavior of the porous system itself. 
x Undrained condition, which is the “fast” process, will occur when ξpe >10. The cutting speed in this condition is 
relatively high. The pore-water is not allowed to flow through the pores, and pore water pressures will affect the 
stress state in the solid skeleton. 
For soil cutting, Hatamura and Chijiiwa [5, 6, 7, 8, 9] have distinguished three failure mechanisms, The Shear 
Type, the Flow Type and the Tear Type. The Flow Type and the Tear Type usually occur in materials without an 
angle of internal friction. The Shear Type occurs in materials with an angle of internal friction like sand. A fourth 
failure mechanism, the Curling Type, was distinguished later by Miedema [2] based on the observation in metal 
cutting. Although it seems that the curling of the chip cut is part of the flow of the material, whether the Curling 
Type or the Flow Type will occur still depends on several conditions. In general, the Curling Type will occur if the 
adhesive force on the blade is large with respect to the normal force on the shear plane.  
Whether the Curling Type results in pure curling or buckling of the cut layer depends on different parameters. In 
rock or stone two additional cutting mechanisms may occur, the Crushed Type and the Chip Type. The Crushed 
Type will occur only if a thin layer of rock is scraped, like the cutting in the oil and gas drilling operation. Its 
mechanism is similar to the Shear Type, only first the rock material has to be crushed. The Chip Type will occur 
when cutting thicker layers of rock or stone, which is similar to the Tear Type. 
 
   
a                                                                    b                                                                     c 
   
d                                                                    e                                                                    f 
Fig. 1. Illustrations of different types in excavation process: (a) The Curling Type, (b) the Flow Type, (c) the Tear Type, (d) the Shear Type, 
(e)the Crushed Type, (f) the Chip Type. 
 
Fig. 1. illustrates the Curling Type, the Flow Type and the Tear Type mechanisms as they might occur when 
cutting clay, the Shear Type mechanism as it might occur when cutting sand and the Crushed Type and Chip Type 
as they might occur when cutting rock or stone. Of course also mixed types may occur. 
Formulations for the cutting forces have been derived to predict which type of failure mechanism will occur 
under given conditions with specific soil. The derivation is made under the assumption that the stresses on the shear 
plane and the blade are constant and equal to the average stresses acting on the surfaces. Fig. 2. gives some 
definitions regarding the cutting process. The line A-B is considered to be the shear plane, while the line A-C is the 
contact area between the blade and the soil. The blade angle is named α and the shear angle β. The blade is moving 
from left to right with a cutting velocity vc. The thickness of the layer cut is hi and the vertical height of the blade hb. 
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The horizontal force on the blade Fh is positive from right to left always opposite to the direction of the cutting 
velocity vc. The vertical force on the blade Fv is positive downwards. Since the vertical force is perpendicular to the 
cutting velocity, the vertical force does not contribute to the cutting power. 
 
 
Fig. 2. Simplified illustration of the cutting process 
 
Fig. 1(b) and Fig . 1(d) show the Flow Type and the Shear Type of cutting process. The Shear Type is modeled as 
the Flow Type. The difference is that in dry soil the forces calculated for the Flow Type are constant forces because 
the process is ductile. For the Shear Type the forces are the peak forces, because the process is assumed to be brittle 
(shear). The average forces can be determined by multiplying the peak forces with a factor of ¼ to ½.  
Fig. 3 and Fig. 4 illustrate the forces on the layer of soil cut and on the blade respectively. The forces shown are 
valid in general. The forces are: 
x A normal force acting on the shear surface N1 resulting from the effective grain stresses. 
x A shear force S1 as a result of internal friction N1•tan(φ) 
x A resulting grain force K1 as the combination of N1 and S1, equals to ඥۼ૚ଶ ൅ ܁૚ଶ 
x A force W1 as a result of water under pressure in the shear zone. 
x A shear force C as a result of pure cohesion τc. This force can be calculated by multiplying the cohesive shear 
strength τc with the area of the shear plane 
x A gravity force G as a result of the (under water) weight of the layer cut 
x An inertial force I, resulting from acceleration of the soil 
x A force normal to the blade N2, resulting from the effective grain stresses 
x A shear force S2 as a result of the external friction angle N2· tan(G 
x A shear force A as a result of pure adhesion between the soil and the blade τa. This force can be calculated by 
multiplying the adhesive shear strength τa of the soil with the contact area between the soil and the blade 
x A force W2 as a result of water under pressure on the blade. 
So the forces acting on a straight blade when cutting soil, can be distinguished as N2, S2, A and W2. Here W2 is 
the force results from the water under pressure on the blade.  These forces are shown in Fig. 4. If the forces N2 and 
S2 are combined to a resulting force K2, meanwhile the adhesive force A and the water under pressure forces W1 and 
W2 are known, then K2 is the unknown force on the blade. By taking the horizontal and vertical equilibrium of 
forces an expression for the force K2 on the blade should be equal to ඥۼ૛ଶ ൅ ܁૛ଶ. 
 
                
Fig. 3. The forces on the layer cut                                        Fig. 4. The forces on the blade 
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Hence the horizontal and vertical equilibrium of forces can be summarized as below: 
 
෍ࡲࢎ ൌ ࡷ૚ ή ݏ݅݊ሺߚ ൅ ߮ሻ െࢃ૚ ή ݏ݅݊ሺߚሻ ൅ ࡯ ή ܿ݋ݏሺߚሻ ൅ ࡵ ή ܿ݋ݏሺߚሻ െ ࡭ ή ܿ݋ݏሺߙሻ ൅ࢃ૛ ή ݏ݅݊ሺߙሻ െ ࡷ૛ ή ݏ݅݊ሺߙ ൅ ߜሻ ൌ Ͳ (2) 
෍ࡲ࢜ ൌ െࡷ૚ ή ܿ݋ݏሺߚ ൅ ߮ሻ ൅ࢃ૚ ή ܿ݋ݏሺߚሻ ൅ ࡯ ή ݏ݅݊ሺߚሻ ൅ ࡵ ή ݏ݅݊ሺߚሻ ൅ ࡳ ൅ ࡭ ή ݏ݅݊ሺߙሻ ൅ࢃ૛ ή ܿ݋ݏሺߙሻ െ ࡷ૛ ή ܿ݋ݏሺߙ ൅ ߜሻ ൌ Ͳ (3) 
 
From the above equations the forces on the blade can be derived. On the blade a force component in the direction 
of cutting velocity Fh and a force perpendicular to this direction Fv can be distinguished. 
 
ࡲࢎ ൌ ࡭ ή ܿ݋ݏሺߙሻ െࢃ૛ ή ݏ݅݊ሺߙሻ ൅ ࡷ૛ ή ݏ݅݊ሺߙ ൅ ߜሻ ൌ Ͳ (4) 
ࡲ࢜ ൌ െ࡭ ή ݏ݅݊ሺߙሻ െࢃ૛ ή ܿ݋ݏሺߙሻ ൅ ࡷ૛ ή ܿ݋ݏሺߙ ൅ ߜሻ ൌ Ͳ (5) 
3. Numerical methods for underwater excavation process 
As discussed in Chapter 2, the pore pressure distribution in the cutting zone must be used as input parameters to 
calculate the cutting force. But to get the pore pressure distribution, the local porosity must be known first. Eq. 2~5 
are based on a 2D macroscopic perspective, which cannot describe the internal irregularity and disorder of the soil 
skeleton, thus the porosity change during the cutting process cannot be captured by this model. So more advanced 
numerical methods are needed to calculate the solid skeleton change and pore pressure distribution. 
3.1. Discrete element modeling (DEM) for seabed solid materials 
Seabed materials could be sand, clay, rock or their mixture. Sand particles are bond-free particles of crystalline 
shape. The shape of a sand particle determines its ability of rotating instead of shearing. On the other hand, clay 
grains are glued by recoverable cohesion and adhesion forces, which make this type of material sticky. However, 
Rock grains are glued by unrecoverable bonding force. According to their mechanical properties, discrete element 
modeling (DEM), first introduced by Cundall [10] is considered as the best numerical tool to describe their 
characteristics and behavior. 
In DEM, particles’ movement is governed by Newton’s Law of Motion. Contact forces are calculated based on 
the overlap between two DEM particles. A spring-damper system is usually used in both the normal and shear 
directions and a friction coefficient is set to limit the shear force. Although many contact models have been 
developed, most of them follow the rules described above. Differences only exist in the form of the governing 
equations and the setting of parameters. However, for different materials, according to their own characteristics, 
extra treatment is required. Here below sand, clay and rock will be discussed separately.   
For sand cutting process, as shown in Fig. 2, a shear plane will appear. In reality sand particles are not perfect 
spheres. But in DEM spherical particles are widely used. If sand particles are simulated as spherical particles in 
DEM, then the DEM particles have much higher tendency to rotate instead of shear over each other because rotation 
comes with much less resistance, as a result there will not be any clear shear plane witnessed. Two options are 
available for solving this issue. The first solution is to introduce rolling friction into spherical particles’ contacts. For 
example the constant directional torque (CDT) model or the elastic-plastic spring-dashpot (EPSD) model [11]. By 
applying resistant torque against rolling, the spherical particles can start shear instead of roll along each other. 
Determination of the rolling friction requires a heavy calibration work. Another solution is to use non-spherical 
particles. Chen et al. [12] have suggested the best design of a sand particle as a combination of four identical spheres 
which partially overlap each other, as shown in Fig. 5. The internal structure of this non-spherical particle is a 
regular tetrahedron. The non-sphericity of the particle will naturally restrict the rotation movement. In this way 
constitutive laws like the rolling friction is avoided but the computational cost will increase a lot due to the 
complexity of the particles’ contact search. 
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a                                                                                            b 
Fig. 5. The optimal design for sand particle in DEM. a) view from the negative x direction; b) view from the positive z direction 
 
Clay is a kind of material which comes with cohesive stress between the clay grains and adhesive stress to the 
other materials. Both the cohesion and adhesion are recoverable which means two clay grains can get stickered 
together even they have been teared apart before. In DEM, the linear cohesion model [13] is often applied to model 
cohesive contact. The idea behind is to add an extra normal force in the direction to maintain the contact, and the 
amplitude of the force is proportional to the contact area. It should be noted that the cohesive stress applied between 
two DEM particles may not equal to the overall cohesion strength of the particles sample. The contact parameters 
are set in the “micro” world while the overall behavior of many particles is described in the “macro” world. More 
particles generated, weaker the link between “micro-input” and “macro-output” will be. Therefore again a lot of 
calibration work is needed for the cohesion coefficient.  
Rock is made up of small grains of varied shapes and sizes held together at grain boundaries [14]. The main 
characteristic is the unrecoverable bonding between rock grains. Potyondy and Cundall [15] generated the bonded 
particle model (BPM) based on the summary of the previous rock-like material modeling techniques. They 
suggested that the bonding behavior between rock grains can be expressed by either a parallel bond model or a 
contact bond model. The contact bond model is based on a point contact between two particles so the rotation 
between particles can hardly be restricted, in this way the model’s ability to simulate bending break is weakened. On 
the contrary, the parallel bond model is designed on beam contact, so the relative rotation between particles is also 
restricted. As a result the bending break could be simulated. Compared with the contact bond model, the parallel 
bond model requires more parameters and calibrations. Correspondingly the computational expense is much higher.  
Another issue is how to prepare the initial state of the rock sample in DEM. Heavily stressed initial state may 
lead to explosion when external loading is applied. Bagi [16] suggested an algorithm named “the Inwards Packing 
Method” to generate random and dense 2D arrangements for DEM simulations, which has been proven to be faster 
than the normal dynamic methods. Recently, Scholtès and Donzé [17] applied an enhanced joint contact logic to 
represent the pre-existing fractures in the rock. Rojek et al. [18] proposed a 2D virgin stress installation method in 
which an inverse displacement method is firstly used to generate stress-free particle assemblies configuration and 
then the kinematic loading and stress relaxation are employed to reach the expected virgin stress conditions. 
Currently it is still difficult to statically generate densely-compacted and stress-free rock sample in 3D. Dynamic 
method is more frequently employed.  
3.2. Finite volume method (FVM) for seawater and DEM-FVM coupling mechanism 
As mentioned before, an algorithm is needed to deal with DEM and the computational fluid dynamics (CFD) to 
calculate the fluid pressure and velocity fields when solid structure is deforming. Several CFD methods are available 
for this target, like finite volume method (FVM), smoothed particle hydrodynamics (SPH) [19] and etc. In this 
research, FVM is chosen because it is the most fundamental and generic one. Eq. 6~8 are the governing equations 
for the fluid. 
 
߲݊
߲ݐ ൅ ࢺ ή ሺ݊࢜ሻ ൅ ݊ߚ௙
߲݌
߲ݐ ൌ Ͳ 
 
(6) 
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(7) 
ߢ ൌ ߔ௦
ଶܦ௣ଶ݊ଷ
ͳͺͲሺͳ െ ݊ሻଶ (8) 
 
Where t is the time [s], n is the porosity, βf is the compressibility of the fluid [m2/N], p is the fluid pressure [pa], v 
is the fluid velocity [m/s] and w is the solid velocity [m/s], ρ is the fluid density [kg/m3], τ is the viscous shear stress 
tensor [N/m2], μ is the dynamic viscosity of the fluid [kg/(m·s)], κ is the permeability of the solid structure [m2], Dp 
is the diameter of the related spherical particle [m] and Φs is the sphericity of the grains in the packed bed. Eq. 6 
expresses the fluid mass conservation, in which it is stated that the local fluid flow is induced by: 1) the 
compressibility of the fluid 2) the solid structure changing rate. These two reasons match the underwater excavation 
process very well. Eq. 7 represents the momentum conservation of the fluid. Considering the possibility of very low 
permeability in the seabed soil (e.g. intact dense rock bed), a source term based on Darcy’s law is added to show the 
resistance from the solid structure. It should be noted that in very deep water (e.g. 3000~6000m) the gravitational 
acceleration can be neglected in the fluid phase because the length scale of the cutting zone is much smaller than the 
water depth, but in shallow water (e.g. 20~30m) the gravitational acceleration should still be accounted.  
Compressibility of the fluid is important especially in the fast cutting process in deep water. It is included in the 
mass conservation of the fluid phase. Considering the fact that the water compressibility is so small (ߚ௙ ൎ ͷ ൈ
ͳͲିଵ଴݌ܽିଵ) that the seawater density can be taken as constant in the momentum equation. 
Eq. 8 is derived from the Kozeny-Carman Equation. It establishes the link between the porosity and permeability. 
In densely compacted seabed where the biggest challenge of underwater excavation exists, the porosity is very low, 
so the permeability is small, in this way the Darcy source term in the momentum equation offers a huge resistance to 
the fluid flow. On the contrary, in the water above the seabed, the porosity is almost 100%, so the permeability gets 
very high that the Darcy source term automatically loses its influence. 
What have been discussed above are the treatments for the solid phase and the fluid phase separately, now the 
fluid-solid interaction will be introduced. The coupling between the DEM and CFD is an Eulerian-Lagrangian 
system, which is created in the following way: 
 㻌x From solid to fluid: since the blade is cutting into the seabed, the local solid skeleton will be changed. DEM will 
transfer the volumetric strain rate to FVM, information including DEM particles’ velocities, positions and sizes 
are interpreted by FVM into local porosity and permeability. One thing must be mentioned here is that DEM does 
not apply forces to FVM because only the solid structure itself is considered to be the main resistance. 㻌x From fluid to solid: as shown in Eq. 6~8, FVM will update the fluid pressure and velocity fields based on the 
information from the DEM side.㻌Correspondingly, the fluid driven forces will be applied back to DEM particles, 
such as the pressure gradient force, the viscous force and the drag force.㻌
 
Fluid driven forces which give main influences on the blade cutting force are the pressure gradient force and the 
viscous force. These are the components due to ‘macroscopic’ variations in the fluid stress tensor on a large scale 
compared with the particle spacing [20]. On the contrary, forces arise from the detailed variations in the stress tensor 
induced by fluctuations, such as the drag force, the virtual mass force and the lift force are optional choices. Pressure 
gradient force fp and viscous force fτ can be obtained via Eq. 9~10, here Vparticle is the volume of a solid particle [m3]: 
 
ࢌ࢖ ൌ െࢺ݌ ή ௣ܸ௔௥௧௜௖௟௘  
 
(9) 
ࢌ࣎ ൌ െࢺ ή ࣎ ή ௣ܸ௔௥௧௜௖௟௘ (10) 
 
The numerical method described above involves DEM calculation, FVM calculation and the solid-fluid coupling 
calculation. It is expected that the computation expense will be very high. Therefore parallel computation is highly 
recommended. Besides, load balancing method will also accelerate the calculation a lot.  
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4. Preliminary results of clay-like material excavation processes 
The DEM-FVM coupling ability is tested by some preliminary tests before this method can be used in real 
engineering application. Clay-like material has been generated and excavated in both dry and underwater conditions. 
As shown in Fig. 6, the sample is an assembly of 200,000 DEM particles, the radiuses of the particles follows 
Gaussian distribution where d50 = 0.4mm. The size of the soil sample is 110mmൈ11.8mmൈ10.2mm and the size of 
the blade is 12.8mm×11.6mm×0.2mm.  
 
                                
                                     a                                                                                                   b 
Fig. 6. a) Clay-like soil sample used for the cutting simulation; b) Blade cutter used for the cutting simulation 
 
In excavation process of dredging engineering, the cutting angle is usually around 500~550 by which a better 
working efficiency can be reached. In the preliminary tests, the cutting angle is set to 51.50. Cohesion energy 
densities are set to 100kPa between soil particles and 66kPa between the particle and the blade using the JKR model 
[13]. The internal and external friction angles of the soil sample are set to 300 and 200 respectively.  
Cutting simulations have been conducted in both dry and underwater environments. In the underwater condition, 
a hydrostatic pressure of 300kPa exists in the simulation zone, corresponding to 30m water depth, which is quite 
common in dredging practice. The blade cuts horizontally into the soil with a constant speed of 0.2m/s. Simulation 
results can be observed below in Fig. 7(a), where the snapshots of dry cutting and underwater cutting are superposed 
to present a better comparison. In Fig. 7(a), the red part represents the dry cutting while the yellow part represents 
the underwater cutting. It is observed that in dry cutting the shear layer in front of the blade has a bigger width and 
its profile is smoother, approaching the nature angle of repose. By contrast, the shear layer in underwater condition 
is higher and thinner, its slope to the soil bed is much steeper. These characteristics in the shear layer agree well 
with the engineering practice and experiences. In addition, the settling velocities of the particles behind the blade in 
the underwater condition have been significantly damped by the surrounding water, which is why the tail of the cut 
material can reach a further distance in the underwater condition than in the dry condition. Actually, the maximum 
particle velocity in the dry condition is 0.47m/s, while in the underwater condition it is only 0.26m/s. 
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Fig. 7. a) Snapshots captured at 0.3s in both dry and underwater cutting simulations. b) Records of the normal cutting forces on the blade 
 
The cutting forces during the excavation have also been recorded. In Fig. 7(b), the red line represents the normal 
force on the blade in underwater condition while the blue line in the dry condition. It is clearly witnessed that in the 
beginning phase of the underwater cutting, a build-up and dispersion process of the dilatancy stress has happened. 
That is the nature response of the initially-dense soil against shearing. After the dispersion of dilatancy stress, finally 
the cutting force drops to the stable value, which is the same as the stable cutting force in the dry condition.  
The mechanical behavior of excavation process has been qualitatively captured during the simulations. Although 
further calibrations and validations are required, it is convinced that the DEM-FVM coupling work proposed in this 
research can be applied to study the underwater excavation process.  
5. Conclusion and recommendation 
A coupling system based on a Lagrangian – Eulerian algorithm in which discrete element modeling and finite 
volume method are used is suitable to simulate the underwater excavation process for dredging or deep sea mining 
purpose. Since big cutting forces usually appear during the cutting of densely compacted seabed, it is suggested in 
this paper the low permeability of the seabed will create a big resistance against cutting. Preliminary results show 
that the proposed numerical model is capable of capturing the mechanical characteristics of the cutting process.  
The coupling system shows high sensitivity to the ratio between the fluid cell size and the solid particle diameter. 
Too big fluid cell size will reduce the resolution of the result, so the information of the local pore pressure evolution 
might be lost. On the contrary, if the ratio is too small (e.g. < 2), then the Darcy flow assumption does not hold, and 
then the momentum equation of the fluid phase is not valid anymore. Hence more validation tests are needed to 
study the sensitivity of the numerical results to the ratio between fluid cell size and DEM particle diameter. 
One individual DEM particle is created based on the input parameters, such as the diameter, density and etc. 
However, these input parameters cannot directly control the mechanical characteristics of an assembly of a large 
amount of particles. This is one of the main drawbacks of DEM. To establish the link between “micro-input” and 
“macro-output”, a large number of calibration tests must be conducted to build up the database where the input and 
output information can be stored. Further progress together with validation results will be published in the future. 
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